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Available online xxxxThe critical tapermodel has beenwidely used to evaluate the strength contrast between thewedge and the basal
detachment of fold-and-thrust belts and accretionary wedges. However, determination of the strength parame-
ters using the traditional critical tapermodel, which adopts theMohr–Coulomb failure criterion, is difﬁcult, if not
impossible. In this study, we propose a modiﬁed critical taper model that incorporates the non-linear Hoek–
Brown failure criterion. The parameters in the proposed critical Hoek–Brownwedge CHBWmodel can be directly
evaluated via ﬁeld investigations and laboratory tests. Meanwhile, the wedge strength is a function of thewedge
thickness, which is oriented from stress non-linearity. The fold-and-thrust belt in western central Taiwan was
used as an example to validate the proposed model. The determined wedge strength was 0.86 using a represen-
tativewedge thickness of 5.3 km; this was close to the inferred value of 0.6 from the critical taper. Interestingly, a
concave topographic relief is predicted as a result of the wedge thickness dependency of the wedge strength,
even if the wedge is composed of homogeneous materials and if the strength of the detachment is uniform.
This study demonstrates that the inﬂuence of wedge strength on the critical taper angle can be quantiﬁed by
the spatial distribution of strength variables and by the consideration of the wedge thickness dependency of
wedge strength.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Heterogeneity1. Introduction
The critical taper model (Suppe andWittke, 1977; Davis et al., 1983;
Dahlen et al., 1984; Dahlen, 1990) has been widely adopted to depict
the evolution of fold-and-thrust belts and accretionary wedges
(e.g., Zhao et al., 1986; Breen, 1987; Behrmann et al., 1988; Dahlen
and Barr, 1989; Dahlen, 1990; Lallemand et al., 1994; DeCelles and
Mitra, 1995; Braathen et al., 1999; Plesch and Oncken, 1999; Carena
et al., 2002; Bilotti and Shaw, 2005; Mourgues and Cobbold, 2006;
Wang and Hu, 2006; Wang et al., 2006; Yuan et al., 2015). The fold-
and-thrust belt and accretionary wedge (represented by “accretionary
wedge” or simply “wedge” in this paper), conceptually, are analogous
to a homogeneouswedge of snowor sand in front of amoving bulldozer
(Fig. 1). It has been recognized that the shape of the wedge is deter-
mined by the strength of the wedge and the basal detachment. This hy-
pothesis has already been validated by sandbox experiments
(e.g., Buiter, 2012; Graveleau et al., 2012).aoyuan 32001, Taiwan.
. This is an open access article under
Non-linear critical taper mod
6.04.026The original wedge theory (Davis et al., 1983; Dahlen, 1990), Suppe
(2007) proposed a general form to illustrate the effect of the internal
strength of the deforming wedge (W) and the shear strength of the
basal detachment (F) on the wedge geometry (critical taper angle,
α+β)
α þ β ¼
1−ρ f =ρ
 
β þ F
1−ρ f =ρ
 
þW
ð1Þ
where α is the slope of topographic relief, β is the dip of basal detach-
ment, and ρ and ρf are the densities of the rocks and ﬂuids, respectively,
within thewedge. The value of (1−ρf/ρ) is 1 for subaerialwedges and is
~0.6 for submarine wedges (Suppe, 2007).
The critical Coulomb wedge theory (Davis et al., 1983; Dahlen et al.,
1984; Dahlen, 1990) can be abbreviated to the CCW theory proposed by
Yuan et al. (2015). In this study, the terminology of the CCW theory was
slightly modiﬁed to the Critical Mohr–CoulombWedge (CMCW) theory
because a Mohr–Coulomb (MC) failure criterion was adopted within
the context of the traditional taper model. Because the MC failure crite-
rion was adopted, the wedge strength (WMC), which replaces W in
Eq. (1), and the basal detachment strength F can be expressed asthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Schematic diagram of a critical taper model that relates taper angle (α+β) to the
internal and basal strengths of a wedge (modiﬁed from Dahlen et al., 1984).
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WMC ¼ 2 1−λð Þ sinφ1− sinφ
 
þ C
ρgH
ð2Þ
F ¼ μb 1−λbð Þ þ
Cb
ρgH
ð3Þ
where g is the gravitational acceleration and H is the wedge thick-
ness, which is measured from the basal detachment to the ground
surface and is perpendicular to the basal detachment. φ and μb are
the friction angle of the wedge and the friction coefﬁcient of the
basal detachment, respectively, and C and Cb are the cohesive
strength of the wedge and of the basal detachment, respectively. λ
and λb are, respectively, the Hubbert–Rubey pore-ﬂuid pressure ra-
tios of the wedge and of the basal detachment (Hubbert and Rubey,
1959) and can be expressed as:
λ ¼ pf =σv ð4Þ
λb ¼ pfb=σv ð5Þ
where pf and pfb are the pore-ﬂuid pressures of the wedge and basal
detachment, respectively, and σv is the vertical stress. The range of λ
and λb is from 0 (without pore-ﬂuid pressure) to 1 (pore-ﬂuid pres-
sure equal to the vertical stress).
Despite the existence of the CMCW theory, determination of the co-
hesion (C) and friction angle (φ) of an accretionary wedge is extremely
difﬁcult. The C and φ values of intact rock can be obtained from triaxial
compressive tests performed in a laboratory. It has been recognized
since 19th century, however, that the strength of mountain belts must
be less than the strength of intact rocks (Airy, 1855). Presently, the im-
portance of scale effects on the mechanical behaviors of rock masses is
well known (e.g., Hudson et al., 1972; Heuze, 1980; Goodman, 1989,
Haimson, 1990). Therefore, the laboratory derived C and φ values of in-
tact rocks cannot be used to represent the strength of rock masses in-
situ. As such, the knowledge to estimate regional-scale strength param-
eters is limited. Although crust strength can be inferred from wedge
shape (Suppe, 2007) and stress measurements can be inferred from
deep boreholes (e.g., Townend and Zoback, 2000), methods for directly
evaluating the strength of wedges are unavailable. Additionally, evalu-
ating the heterogeneity of accretionary wedges is also difﬁcult. Aside
from these difﬁculties, the strength non-linearity (i.e., strength will
not increase linearly with increasing conﬁning stress) of rock mass is
well recognized, and a non-linear Hoek and Brown failure criterion
(HB failure criterion) is accordingly proposed (Hoek and Brown,
1980a, 1980b, 1997; Hoek, 1983, 1994; Hoek et al., 1992, 2002). Based
on the non-linear HB failure criterion, the apparent friction angle of
rock masses could decrease with increasing effective conﬁning stress.
A rock mass classiﬁcation approach, such as the Rock Mass Rating
(RMR) system (Bieniawski, 1973, 1989) or the Q system (Barton et al.,
1974), is useful for evaluating the strength parameters of rock masses
empirically. Based on engineering studies, correlations between
strength parameters (e.g., C and φ of the MC failure criterion) and
rock mass qualities (e.g., RMR and Q values) are available (Bieniawski,
1976, 1989; Mehrotra, 1992; Barton, 2002; Şen and Sadagah, 2003).
Hoek (1994) and Hoek et al. (1995) proposed using a GeologicalPlease cite this article as: Yang, C.-M., et al., Non-linear critical taper mod
(2016), http://dx.doi.org/10.1016/j.tecto.2016.04.026Strength Index (GSI) to determine the strength parameters of the HB
failure criterion. Accordingly, the strength of rock masses can be evalu-
ated directly by ﬁeld investigation.
This studyproposes amodiﬁed critical tapermodel that incorporates
the non-linear HB failure criterion. An example of a fold-and-thrust belt
inwestern central Taiwanwas used to determinewedge strength based
on ﬁeld investigation. The case study was also used to validate the pro-
posed model. The advantages of the proposed model are noted in com-
parison to the traditional critical taper model, which adopts an MC
failure criterion.
2. Non-linear Hoek–Brown (HB) failure criterion
TheHB failure criterion (Hoek and Brown, 1980a, 1980b, 1988;Hoek
et al., 1992; Hoek, 1994; Hoek et al., 1995) is recognized by geological/
geotechnical engineers worldwide. The original HB failure criterion
was developed during the preparation of the book “Underground Exca-
vations in Rock”, which was published in 1980 (Hoek and Brown,
1980a). In addition to its non-linear nature, the signiﬁcance of the HB
failure criterion of rockmasses lies in its linkage to in-situ geologic char-
acteristics, which initially took the form of Bieniawski's RMR and later
the GSI (Hoek, 1994; Hoek et al., 1995). The GSI is an index for directly
quantifying rock mass strength that is dependent on rock mass struc-
ture and conditions of discontinuity. The GSI of a rock mass can be ob-
tained from ﬁeld investigation. The range of the GSI is from 0 to 100,
where 0 indicates a rock mass that is highly weathered and laminat-
ed/sheared and 100 indicates a rock mass that is fresh and intact/
massive.
Since 1980, theHB failure criterion of rockmasseswasmodiﬁed sev-
eral times, and the 2002 edition (Hoek et al., 2002) is a mature version:
σ1; f ¼ σ 3; f þ σ ci mb
σ 3; f
σ ci
þ s
 a
ð6Þ
where σ1,f⁎ and σ3,f⁎ are the maximum andminimum effective principal
stresses at failure, respectively, and σci is the uniaxial compressive
strength of the intact rock.
In Eq. (6), mb is a constant related to the lithology and structure of
the rock mass, which is given by:
mb ¼ mi  exp
GSI−100
28−14D
 
ð7Þ
wheremi is amaterial constant that reﬂects the frictional characteristics
of the mineral composition of intact rocks (Hoek and Brown, 1997;
Marinos and Hoek, 2001). The mi chart was established based on nu-
merous triaxial compressive tests for different lithologies. Values for
clastic sedimentary rocks are as follows: 4 ± 2 for claystone, 6 ± 2 for
shale, 7± 2 for siltstone, 17± 4 for sandstone, and 21± 3 for conglom-
erate (Marinos and Hoek, 2001).
D is a factor that relates to the disturbance of a rock mass as a result
of blasting damage and stress relaxation after engineering excavation. If
a rock mass is not affected by the excavation, D=0. D=1 represents a
highly disturbed rock mass due to poor blasting quality. We assume
D=0 in this study because the engineering disturbance of accretionary
wedges is minimized. The inﬂuence of geologic structures, such as fold-
ing and faulting, is already covered by GSI.
The material constants s and a in Eq. (6) can be obtained by the fol-
lowing relationships:
s ¼ exp GSI−100
9−3D
 
and ðand ð8ÞÞ
a ¼ 1
2
þ 1
6
e−GSI=15−e−20=3
 
; ð9Þel and determination of accretionary wedge strength, Tectonophysics
Fig. 2. Failure envelopes of rockmasses based on theHB failure criterion. (a) The inﬂuence
of σci when GSI equals 100 (intact rocks or fresh, massive rock masses) and mi equals 11
(mean values of clastic sedimentary rocks). The range of σci from 50 to 250 MPa
represents a range in rock strength from strong to very strong. (b) The inﬂuence of mi
when GSI equals 100 and σci equals 150 MPa. The range of mi from 4 to 21 represents
the lower and upper bounds of clastic sedimentary rocks. (c) The inﬂuence of GSIwhen
mi equals 11 and σci equals 150 MPa.
Fig. 3. The HB failure envelope (gray solid line) and the equivalent MC failure envelopes
(derived from curve ﬁtting; dashed lines) for a rock mass with GSI equal to 50,mi equal
to 11, and σci equal to 150 MPa under a σ3max' of (a) 11.6 MPa, (b) 32.6 MPa, and
(c) 52.6 MPa.
3C.-M. Yang et al. / Tectonophysics xxx (2016) xxx–xxxwhere the ranges of s and a are from 0 to 1 and 0.5–0.67, respective-
ly. s≅0 and a≅0.67 represent extremely fractured rock masses (GSI=
0) and s=1 and a=0.5 represent intact rocks or massive rock masses
(GSI= 100).
The failure envelope is a function ofGSI,σci, andmiwith the assump-
tion of D=0. Fig. 2 shows a series of failure envelopes based on the HB
failure criterion (Eq. (6)). Fig. 2a, b demonstrate the inﬂuence of σci and
miwhen GSI=100 (mb=mi, s=1 and a=0.5 based on Eq. (7) through
Eq. (9)). The ﬁgure shows that for intact rocks or fresh, massive rock
masses (where GSI = 100), the intercepts of the failure envelope are
equal to σci. Moreover, the steepness of the failure envelopes is deter-
mined by the material constantmi (=mb). In general, the steepness of
failure envelope increases with the increasingmi.
Fig. 2c shows that the GSI signiﬁcantly inﬂuences the shape of the
failure envelope. Both the intercept and the steepness of the failure en-
velope decrease with decreasing GSI. The steepness of the failure enve-
lopes is primarily determined by mb and a, which decrease with
decreasingGSI (Eqs. (7) and (9)).Meanwhile, the intercept of the failure
envelope decreases quickly when GSI decreases from 100 to 0. From
Eq. (6), σ1, f⁎=σci(s)a when σ3, f⁎ = 0. That is, when s approaches zero
(GSI = 0), the maximum principal stress will also approach zero
(σ1, f⁎ = 0). Since s is determined by GSI (Eq. (8)), the intercept of thePlease cite this article as: Yang, C.-M., et al., Non-linear critical taper mod
(2016), http://dx.doi.org/10.1016/j.tecto.2016.04.026failure envelope will be a function of GSI and σci. Interestingly, Eq. (6)
predicts that the uniaxial compression strength will be zero when the
rock mass is highly weathered and laminated/sheared (GSI= 0).
Notably, the failure envelope could be cut by the tensile strength in
the negative minor principal stress axis (Hoek et al., 2002). Since the
tension stress is not critical for the consideration of a compressional
wedge in this study, only the positiveminor principal stresses of the fail-
ure envelopes are shown in Fig. 2.
The advantage of the HB failure criterion in comparison to the MC
failure criterion primarily lies in its non-linearity. However, the simple
MC failure criterion has been widely used, and numerous models re-
quire the strength parameters of cohesion and friction angle.
Hoek et al. (2002) presented an approach for obtaining the equiva-
lent cohesion (C') and equivalent friction angle (φ') of the HB failure cri-
terion for rock masses under different conﬁning stresses using a curve
ﬁtting technique. The equivalent C' andφ' can be obtained using the fol-
lowing equations:
C0 ¼ σ ci 1þ 2að Þsþ 1−að Þmbσ
0
3n
 
sþmbσ 03n
 	a−1
1þ að Þ 2þ að Þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ 6amb sþmbσ 03n
 	a−1 
= 1þ að Þ 2þ að Þ
r ð10Þ
φ0 ¼ sin−1 6amb sþmbσ
0
3n
 	a−1
2 1þ að Þ 2þ að Þ þ 6amb sþmbσ 03n
 	a−1
" #
ð11Þ
where
σ3n' =σ3max' /σci.(12)
σ3max' is the maximum conﬁning stress used to calculate the equiva-
lent C' and φ'. For deep tunnels, σ3max' can be estimated by (Hoek et al.,
2002):
σ 03max
σ 0cm
¼ 0:47 σ
0
cm
ρgH0
 −0:94
ð13Þel and determination of accretionary wedge strength, Tectonophysics
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σ
0
cm ¼ σ ci
mb þ 4s−a mb−8sð Þð Þ mb=4ð Þ þ sð Þa−1
2 1þ að Þ 2þ að Þ : ð14Þ
σcm' is the uniaxial compressive strength of the rockmass (Hoek and
Brown, 1997; Hoek et al., 2002).H' is the depth of the tunnel. The equiv-
alent C' and φ' for tunnels at different depths can be computed using a
free Windows program called “RocLab,” which can be downloaded
from www.rocscience.com.
The solid gray curve in Fig. 3 is theHB failure envelope of a rockmass
with GSI equal to 50, mi equal to 11, and σci equal to 150 MPa. The MC
failure criterion in terms of the σ1,f⁎ and σ3,f⁎ can be expressed by
σ 1; f ¼
2C0 cosφ0
1− sinφ0 þ
1þ sinφ0
1− sinφ0 σ

3; f ; ð15Þ
and the failure envelopes are illustrated as dashed lines in Fig. 3 using
the calculated equivalent C' and φ' values under different maximum
conﬁning stresses (σ3max' ). As expected, when a larger maximum con-
ﬁning stress was considered, larger equivalent cohesion values and
smaller equivalent friction angles were obtained.
3. Proposed critical taper model incorporating the non-linear HB
failure criterion (Critical Hoek–BrownWedge, CHBW)
The derivation below primarily follows the framework of the critical
taper model documented by Davis et al. (1983) and Dahlen (1990). A
Cartesian coordinate system (x,z) is employed; x is parallel to the base
segment of the wedge between x and x+dx, and z increases upward.
The thickness of the wedge, measured along the z axis, is denoted by
H. For cases of submarine wedges, the water depth, measured along
the direction of gravity, is denoted by Dw (Fig. 4). The derivation has
twomain parts: (1) force equilibrium and (2) full strengthmobilization
of wedge strength and detachment. That is, the horizontal stress is lim-
ited by the wedge strength, and the shear stress on the detachment is
equal to the detachment shear strength. The only difference between
the traditional critical taper model and the proposed model is that a
non-linear failure criterion was used in the derivation to calculate the
wedge strength.
The critical taper angle (α+β) of a horizontally compressed wedge
(as shown in Fig. 4) is governed by the force equilibrium of a slice in the
x direction. There is a gravitational body force (Fg) whose x component
is−ρgHdxsinβ, where g is gravitational acceleration and ρ is the satu-
rated rock density. For a submarine wedge, there is a vertical force that
results from the water pressure (Fw). The x component is
−ρfgDwsin(α+β), where ρf is the ﬂuid density. The third force (Fb),
which acts on the bottom of the slice, is the frictional resistance to slid-
ing along the basal detachment. In terms of the basal shear traction τb,
this force is−τbdx. The minus sign represents the force acting against
the sliding of the wedge. The vertical normal traction σzz at any pointFig. 4. Schematic diagramof awedge subjected to horizontal compression (modiﬁed fromDavis
and x+dx is shown.
Please cite this article as: Yang, C.-M., et al., Non-linear critical taper mod
(2016), http://dx.doi.org/10.1016/j.tecto.2016.04.026on the wedge is assumed to be solely due to the lithostatic and hydro-
static overburden:
σ zz ¼ ρ f gDw þ ρg H−zð Þ: ð16Þ
This assumption is based on a small-angle approximation (sinα≈α
and sinβ≈β), which is appropriate given the thin-skinned nature of the
wedge. Please note that this assumption will not require if the exact so-
lution of the critical wedge theory (Wang et al., 2006; Yuan et al., 2015)
was used to eliminate the induced errors. By deﬁning a dimensionless
variable λ, the effective normal traction can be expressed as:
σzz ¼ 1−λð Þρg H−zð Þ ð17Þ
Thus, the shear traction acting on the base will be
τb ¼ μb 1−λbð ÞρgHþ Cb ð18Þ
if the strength of the detachment is fully mobilized. The fourth force, Fs,
is the resultant compressive force of the normal tractions acting on two
sides of the slice; a positive value represents compression. Therefore,
the force equilibrium satisﬁes
Fg þ Fw þ Fb ¼ Fs ð19Þ
and can be expressed as follows when dx→0:
ρgH sinβ þ ρ f gDw sin α þ βð Þ þ μb 1−λbð ÞρgHþ Cb ¼
d
dx
Z H
0
σ xxdz: ð20Þ
Small-angle approximation presumes that sinα≈α and sinβ≈β.
With this substitution, Eq. (20) reduces to a simpler form of force equi-
librium:
ρgHβþ ρ f gDw α þ βð Þ þ μb 1−λbð ÞρgHþ Cb ¼
d
dx
Z H
0
σ xxdz: ð21Þ
For thin-skinned fold-and-thrust belts and accretionary wedges, the
principal stresses are approximately in horizontal and vertical direc-
tions, i.e., σ3,f≈σzz and σ1,f≈σxx. Eq. (6) can be rewritten as
σ xx−pf
 
¼ σ zz−pf
 
þ σ ci mb
σ zz−pf
σ ci
þ s
 a
ð22Þ
and can be further reduced to
σxx ¼ σ zz þ σ ci mb
σ zz−pf
σ ci
þ s
 a
: ð23Þ
Because
σ zz ¼ ρ f gDw þ ρg H−zð Þ; ð24Þet al., 1983 andDahlen, 1990). The force equilibriumof a slice (with awidth dx) between x
el and determination of accretionary wedge strength, Tectonophysics
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σ xx ¼ ρ f gDw þ ρg H−zð Þ þ σ ci mb
1−λð Þρg H−zð Þ
σ ci
þ s
 a
: ð25Þ
Inserting Eq. (25) into the integration term of the force equilibrium
equation (Eq. (21)), the integration term can be expressed as
Z H
0
σ xxdz≈ρ f gDwH þ
1
2
ρgH2 þ σ ci
2
aþ 1ð Þmb 1−λð Þρg
 mbρgH 1−λð Þ
σ ci
þ s
 aþ1
 σ ci
mbρg 1−λð Þ
 
− σ ci
2  saþ1
aþ 1ð Þmbρg 1−λð Þ
 
:
ð26Þ
Adopting the small-angle approximation once again, we can obtain
dH/dx=−(α+β) and dDw/dx=α. Accordingly, the last term in
Eq. (21) can be formulated as follows:
d
dx
Z H
0
σ xxdz≈−ρ f gDw α þ βð Þ þ ρ f gHα
−ρgH α þ βð Þ− α þ βð Þ  σ ci
mb 1−λð Þ
σ ci
ρgHþ s
 a
:
ð27Þ
Finally, with a substitution of Eq. (27) into Eq. (21), the critical taper
angle α+β of a wedge can be expressed as
α þ β≈
1−ρ f =ρ
 
β þ μb 1−λbð Þ þ Cb=ρgH
1−ρ f =ρ
 
þ σ ci mb 1−λð Þσ ci þ sρgH
h ia
 ρgHð Þa−1
: ð28Þ
Subsequently, Eq. (28) can be simpliﬁed to
α þ β≈
1−ρ f =ρ
 
β þ F
1−ρ f =ρ
 
þWHB
ð29Þ
if a non-linear HB failure criterion is adopted.
In Eq. (29), the wedge strength (WHB; assuming the HB failure crite-
rion) is a function of ρ,H, λ,mb,σci,GSI, s and a. Themb is a function ofmi,
GSI, and D (Eq. (7)). The constants s and a are functions of GSI and D
(Eqs. (8) and (9)). In this study, the assumption that the disturbance
factor D equals zero represents the accretionary wedge has not been
disturbed by blasting damage and stress relaxation after engineering
excavation. The density of the wedge ρ can be determined precisely,
and the variation of the density is relatively low. In total, there are ﬁve
determining variables that represent the wedge strength WHB in the
proposedmodel:wedge thicknessH, Geological Strength IndexGSI, uni-
axial compressive strength σci, material constantmi, and the Hubbert–
Rubey pore-ﬂuid pressure ratio λ. The derived detachment strength F
is identical to the original CMCW model (Eq. (3)). The wedge strength
of the non-linear CHBWmodel can be expressed as follows:
WHB ¼ σ ci
mb 1−λð Þ
σ ci
þ s
ρgH
 a
 ρgHð Þa−1: ð30Þ
4. Determination of wedge strength using the CHBWmodel in west-
ern central Taiwan
4.1. Study area and geometric parameters
We selected western central Taiwan as an example site to illustrate
the features and advantages of themodiﬁed critical tapermodel that in-
corporates the non-linear HB failure criterion. The study area is shown
in Fig. 5. The formations bounded by the Changhua and Chelungpu
thrusts are primarily Pleistocene. The outcropped formations range
from Pleistocene to Pliocene between the Chelungpu and ShuangtungPlease cite this article as: Yang, C.-M., et al., Non-linear critical taper mod
(2016), http://dx.doi.org/10.1016/j.tecto.2016.04.026thrusts, and they primarily range from Miocene to Oligocene–Eocene
between the Shuangtung and Tili thrusts. Yue and Suppe (2014) docu-
mented a geologic proﬁle (Y-Y′ proﬁle) in the study area. The Y-Y′ pro-
ﬁle is shown in Fig. 6. In this study, the Toukoshan Formation between
the Changhua and Chelungpu thrusts was divided into two members.
The upper, Houyenshan Member (TksHo), primarily consisted of the
thick conglomerate layer, while the lower, Hsiangshan Member
(ThsHs), consisted of thick sandstone and an interlayer of sandstone
and shale (Liu and Lee, 1998). The boundary between TksHo and
TksHs is 900 m above the top of the Cholan Formation (Cl), according
to Liu and Lee (1998).
The representative slope of topographic relief (α) and the dip angle
of basal detachment (β) were determined by Suppe (2007) to be 2° and
2.7°, respectively. The representative thickness of the wedge (H) is
5.3 km. It is a sense of averaged thickness and determined from the
wedge thickness at themiddle point of the basal detachment (between
Changhwa blind thrust and the Tili thrust in Fig. 6). The geometric pa-
rameters are shown in Fig. 6. The variables related to wedge strength
(GSI,σci, andmi) were obtained from ﬁeld investigations and laboratory
tests, which will be described in the following subsections.
4.2. Determination of GSI values
The wedge strength, given the adoption of the HB failure criterion
(WHB), can be calculated by Eq. (28) directly if the necessary parameters
are available. To obtain the representative values of GSI for determining
the wedge strength, extensive ﬁeldwork was conducted in the study
area (Fig. 5). Themethod used to determine GSI values has been report-
ed in previous publications for different types of rock masses. (Hoek,
1994; Hoek et al., 1995, 1998; Marinos and Hoek, 2000, 2001; Marinos
et al., 2005). Tzamos and Soﬁanos (2007) proposed a quantiﬁable ap-
proach (based on the chart proposed by Sonmez and Ulusay (1999))
to estimateGSI values. The GSI can be determined using following equa-
tion:
GSI ¼ 2:25þ SR
120
 
 SCRþ 0:33  SRþ 5; ð31Þ
where SR is the Structure Rating. SR can be expressed as
SR ¼ 79:8−17:5 log Jvð Þ: ð32Þ
Jv is the volumetric joint count, which is deﬁned as the sum of the
number of joints per meter for each joint set (Sonmez and Ulusay,
1999). Jv can be expressed as
Jv ¼
Nx
Lx
 Ny
Ly
 Nz
Lz
; ð33Þ
where Nx, Ny, and Nz are the number of discontinuities counted along
the scanlines Lx, Ly, and Lz, which are perpendicular to each other. SCR
is the Surface Condition Rating, which can be expressed as
SCR ¼ Rr þ Rw þ Rf ; ð34Þ
where Rr, Rw, and Rf denote the ratings for roughness, weathering, and
inﬁlling of discontinuities, respectively. The ratings follow Table 1,
which was proposed by Sonmez and Ulusay (1999).
In total, 110 sites with outcropped Pleistocene to Eocene formations
were investigated to evaluate their GSI values based on the method de-
scribed above. The outcrops of Chinshui Shale (Cs) were always highly
slaking. As such, it was difﬁcult to determine the GSI values from out-
crop investigation directly. Therefore, this study assumed that Cs
belonged to the “E” class (GSI = 25 ± 5), which refers to the speciﬁc
GSI chart for heterogeneous ﬂysch rock masses (Marinos and Hoek,
2000, 2001). The GSI values of conglomerates were also not obtainable
via outcrop investigation using the aforementioned method. Hoekel and determination of accretionary wedge strength, Tectonophysics
Fig. 5. Study area inwestern central Taiwan. The locations of the investigation sites forGSI evaluations and Schmidt hammer tests are shown as yellow dots. The specimens for point-load
tests and uniaxial compressive strength tests were sampled from these investigation sites.
6 C.-M. Yang et al. / Tectonophysics xxx (2016) xxx–xxxet al. (2005) suggested a speciﬁcGSI chart for evaluatingmolasse, which
includes conglomerates, sandstones, siltstones, mudstones, and marls.
The description of themolasseM3 typewas similar to the thickness pro-
portions of TksHo. As such, we assumed a typical range of molasses M3
type (GSI= 55 ± 12.5) to represent the TksHo.
Fig. 7 shows the distribution of the GSI values of the formation along
the Y-Y′ proﬁle. In general, themean values of GSI ranged from 45 to 65
with the exception of Chinshui Shale (Cs), which was always highly
fracturedwhen observed from the Taiwan Chelungpu-fault drilling pro-
ject (TCDP) hole A (Wu et al., 2008).
4.3. Determination of σci
To obtain the representative values of σci used to determine wedge
strength, extensive ﬁeld and laboratory work was performed in the
study area (Fig. 5). We used the Schmidt hammer test (ASTM, 2005a),
the point-load test (ASTM, 2005b), and the uniaxial compressive
strength tests (ASTM, 2005c, 2005d) to measure the σci of the tested
rocks. The Schmidt hammer tests and the point-load tests were con-
ducted in the ﬁeld, and the uniaxial compressive strength tests werePlease cite this article as: Yang, C.-M., et al., Non-linear critical taper mod
(2016), http://dx.doi.org/10.1016/j.tecto.2016.04.026conducted in the laboratory. The specimen preparation and experimen-
tal procedure of the uniaxial compressive strength tests weremore con-
venient than the triaxial compressive strength tests. Moreover, the
Schmidt hammer tests and point-load tests can be conducted during
the ﬁeld investigation and the test samples can be increased to over-
come the representativeness issues.
The results of 104 Schmidt hammer tests, 45 point-load tests, and
103 uniaxial compressive strength tests were used to determine the
σci of the tested rocks. The determined σci was between 3 and 90 MPa.
Themeanvalues and the standard deviations of theσci of the formations
comprising thewedge are shown in Fig. 8. In general, the distribution of
σci increased from the west (younger formation) to the east (older for-
mation) along the Y-Y′ proﬁle.
As mentioned previously, the Chinshui Shale (Cs) was always highly
slaking, and specimens for testing were difﬁcult to obtain from the out-
crop. Yeng (2000) documented that the σci of Chinshui Shale (Cs) to be
3.2 MPa based on triaxial tests. This reported value was used to repre-
sent the σci of Cs. It was also difﬁcult to prepare samples of conglomer-
ates tomeasure theσci. Therefore, we used the cohesion and the friction
angle from in-situ direct shear tests of the conglomerates to evaluateel and determination of accretionary wedge strength, Tectonophysics
Fig. 6. Y-Y′ proﬁle (modiﬁed from Yue and Suppe, 2014). The surface slope (α) and dip angle of basal detachment (β) were determined from Suppe (2007). The representative wedge
thickness (H) was measured at the center of this proﬁle.
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The mean and standard deviation of C' and φ' from in-situ direct shear
tests under a maximum vertical stress of ~700 kPa were 0.04 ±
0.03 MPa and 38° ± 9°, respectively (Chang et al., 1996; Chu et al.,
1996). Using the RocLab software, we determined that σci = 3 MPa
correspondedwell to themeasured C' andφ' given the following inputs:
M3 typemolasse (GSI=55±12.5),mi=20.2 (for TksHo, whichwill be
introduced in Section 4.4), and a maximum vertical stress of ~700 kPa.
Therefore, σci=3MPa was selected to represent the uniaxial compres-
sive strength of TksHo Formations.
4.4. Determination of mi
Hoek and Brown (1988) proposed the mi values for different rock
types based on triaxial tests of core samples. The mi of shale, siltstone,
sandstone and conglomerate are 6 ± 2, 7 ± 2, 17 ± 4, 21 ± 3, respec-
tively (Marinos andHoek, 2001). Along the Y-Y′proﬁle, the relevant for-
mations frequently consisted of interbedded conglomerate, sandstone,
siltstone, and shale. An averaging algorithm was required.
Marinos and Hoek (2001) proposed a chart for determining the
ﬂysch types thatwas related to the lithology, layer thickness proportion,
structure, and surface condition. Aweighted average table for determin-
ing themi of differentﬂysch typeswas suggested. There is not, however,
a quantitative standard to categorize ﬂysch type. In this study, we sim-
ply used the thickness proportion of each lithology to obtain theTable 1
Ratings of Rr, Rw and Rf (proposed by Sonmez and Ulusay, 1999).
Roughness
Rating (Rr)
Very
rough
Rough Slightly rough Smooth Slikensided
6 5 3 1 0
Weathering
Rating (Rw)
None Slightly
weathered
Moderately
weathered
Highly
weathered
Decomposed
6 5 3 1 0
Inﬁlling Rating
(Rf)
None Hard b5
mm
Hard N5 mm Soft b5
mm
Soft N5 mm
6 4 2 2 0
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(2016), http://dx.doi.org/10.1016/j.tecto.2016.04.026weighted averagemi of each formation. Song et al. (2007) provided de-
tail borehole logging of TCDP hole A, which the thicknesses of sand-
stone, siltstone, and shale is used to determine the mi of Cs and Kc,
respectively. Chen et al. (2001) presented the log of measured
Tsaohuchi stratigraphic section in western central Taiwan. The sand-
stone and shale thicknesses of TksHo, TksHs, and Cl can be obtained
from the documented log to determinemi. The required thickness pro-
portions of sandstone and shale for calculating theweighted averagemi
of formations Nc, Sk, Chk, Sm, Tlt, Hzk, Tk, Scl, and Pl are estimated from
the qualitative lithologic description of the (Huang et al., 2000). With
given thicknesses of (1) massive sandstone, (2) sandstone predomi-
nates with minor shale, (3) sandstone and shale interbedded,
(4) shale predominates with minor sandstone, and (5) massive shale,
the thicknesses proportion of sandstone and shale for speciﬁc formation
can be calculated using the thickness proportion of each category. The
sandstone/shale thickness proportions of the aforementioned ﬁve cate-
gories are as follows: category (1) sandstone 100% and shale 0%, catego-
ry (2) 75% sandstone and 25% shale, category (3) 50% sandstone and
50% shale, category (4) 25% sandstone and 75% shale, category (5) 0%
sandstone and 100% shale. The proportions of lithological thicknesses
and the weighted average mi of each formation are listed in Table 2.4.5. Determination of the wedge strength
Based on the mean values of the evaluated parameters of each for-
mation listed in Table 2, we determined the representative GSI, σci,
and mi values of the studied wedge (Y-Y′ proﬁle, Fig. 6) using the pro-
portional area of each formation as a weighting factor. The proportional
areas of the formations of concern are listed in Table 2. The calculated
representative GSI, σci, andmi values of the Y-Y′ proﬁle in western cen-
tral Taiwanwere 56, 54MPa, and 14.2, respectively. According to Eq. (7)
through Eq. (9), the representative values of GSI, σci, andmiwere calcu-
lated to be 2.9, 0.007, and 0.504 for the studied wedge. Yue and Suppe
(2014) determined that the λ above the basal detachment of the Y-Y′
proﬁle was hydrostatic (λ= 0.4). The average thickness of the wedge
(H) was 5.3 km (Fig. 6) and ρ = 2500 kg/m3 (Davis et al., 1983;el and determination of accretionary wedge strength, Tectonophysics
Fig. 7.Means and standard deviations of GSI values of the studied formations. The abbreviations of formations are deﬁned in Fig. 6.
8 C.-M. Yang et al. / Tectonophysics xxx (2016) xxx–xxxDahlen et al., 1984; Dahlen and Barr, 1989). Therefore, the WHB of the
studied wedge (Y-Y′ proﬁle) can be calculated as 0.86 using Eq. (30).4.6. Validation of the proposed model to estimate the wedge strength
Using the critical taper model that incorporates the non-linear HB
failure criterion, the wedge strength for the study area in western cen-
tral Taiwan was calculated to be 0.86 given an averagewedge thickness
of 5.3 km. This value was solely determined from direct ﬁeld and labo-
ratory work. To our knowledge, there is no direct measurement of the
strength in the scale of accretionary wedge. To validate the proposed
model, the inferred wedge strengths calculated using different ap-
proaches in different areas (documented by Suppe (2007)) were com-
pared to the determined wedge strength in the present study. Using
the wedge geometry (Carena et al., 2002; Bilotti and Shaw, 2005) to
constrain the regional-scale strength without presuming a failure crite-
rion, Suppe (2007) reported that thewedge strengths of the Taiwan and
Niger deltas were 0.6 and 0.7, respectively.
Hickman and Zoback (2004) documented the measured maximum
and minimum principal stresses in the San Andreas Fault Observatory
at Depth (SAFOD) pilot hole. Assuming the stress states at ﬁve different
depths are at margins of failure and a MC failure criterion was adopted,
the cohesion and friction angle can be obtained as 2.3 MPa and 27.3°
(Fig. 9). Based on the CMCWmodel, thewedge strength can be obtained
from Eq. (2). The evaluated wedge strength of SAFOD pilot hole is illus-
trated in Fig. 10. The documented wedge strength was 1.06–1.09 at a
depth of 1–2 km. Please note, Suppe (2007) documented the non-
cohesive wedge strength of SAFOD pilot hole is about 0.5.
Brudy et al. (1997) documented the principal stresses from 1 km to
8 km in the German Continental Deep Drilling Program in German
(KTB). Assuming the stress states are atmargins of failure and aMC fail-
ure criterion was adopted, Suppe (2007) calculated the wedge strengthFig. 8. The means and standard deviations of the σci values of the stud
Please cite this article as: Yang, C.-M., et al., Non-linear critical taper mod
(2016), http://dx.doi.org/10.1016/j.tecto.2016.04.026of the KTB borehole equal 1.0 ± 0.2 (Fig. 10) using the following equa-
tion:
W ¼ σ1−σ3
σ3
ð35Þ
Byerlee (1978) presented the failure criterion of rocks from numer-
ous triaxial tests. Accordingly, the friction coefﬁcient of rocks is 0.85
(φ= 40.4°) when normal stress is less than 200 MPa. By substituting
φ= 40.4° and C= 0MPa into Eq. (2) and assuming hydrostatic condi-
tion, a wedge strength of 2.2 is obtained.
The determinedWHB (0.86) of the Y-Y′ proﬁle is slightly higher than
the inferredwedge strength of the active Taiwanmountain belt (wedge
strength equal to 0.6) and close to thewedge strength of the Niger delta
(wedge strength equal to 0.7). Generally, the determined strength falls
within the range of documented strengths of wedges or crust shown in
Table 3.
It is important to have added the inﬂuence of variability of parame-
ters due to the result onWHB cannot be deterministic but must be pre-
sented with a maximum value and a minimum value. To test the
inﬂuence of the variability of determined parameters on the evaluation
of wedge strength, the mean values of GSI and σci plus and minus one
standard deviation of each formation (Table 2) were used to determine
the weighted parameters. The weighted parameters plus one standard
deviation were GSI+ = 65 and σci+ = 71 MPa. The weighted parameter
minus one standard deviation were GSI−= 46 and σci−= 36 MPa. The
determined WHB+ using GSI+ and σci+ was 1.16. The determined WHB−
using GSI− and σci− was 0.60; a wedge thickness of 5.3 km was used
and a hydrostatic condition was assumed. The values of the wedge
strength that were calculated taking parameter uncertainty into consid-
erationwere still well within the inferred strengths ofwedges and crust
listed in Table 3.ied formations. The formation abbreviations are deﬁned in Fig. 6.
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Table 2
The parameters of the HB failure criterion for the studied formations as determined by
outcrop investigation with the exception of TksHo and Cs Formations. Weighting is based
on the proportional area of a given formation as calculated from the Y-Y′ proﬁle (Fig. 6).
The mean value, standard deviation (S.D.) and sample size (n) of GSI and σci are listed.
The formation abbreviations are deﬁned in Fig. 6.
Formation Weighting GSI±S.D.
(n)
σci (MPa) ±
S.D. (n)
mi Proportions of
lithological
thicknesses
TksHo 0.100 55 ± 12.5
(−)
3 (−) 20.2 Conglomerate: 79%
Sandstone: 21%
TksHs 0.155 60.9 ± 8 (17) 21.3 ± 4.5
(12)
17.2 Conglomerate: 5%
Sandstone: 95%
Cl 0.198 47.8 ± 11.4
(13)
30.9 ± 14 (9) 14.3 Sandstone: 76%
Shale: 24%
Cs 0.011 25 ± 5 (−) 3.2 (−) 9.7 Sandstone: 27%
Siltstone: 72%
Shale: 1%
Kc 0.011 64.7 ± 3.3
(6)
84 ± 26.5
(15)
16.4 Sandstone: 94%
Siltstone: 4%
Shale: 2%
Nc 0.003 58.3 ± 12.1
(8)
37.6 ± 13.7
(5)
13.4 Sandstone: 67%
Shale: 33%
Sk 0.015 66.9 ± 3.7
(9)
67.1 ± 11.9
(13)
14.3 Sandstone: 75%
Shale: 25%
Chk 0.005 48.9 ± 11.7
(5)
41.6 ± 10.7
(7)
8.8 Sandstone: 25%
Shale: 75%
Sm 0.013 52 ± 16 (5) 85.5 ± 32 (4) 9.8 Sandstone: 35%
Shale: 65%
Tlt 0.003 45.8 ± 3.8
(6)
39.4 (3)a 9.7 Sandstone: 33%
Shale: 67%
Hzk 0.006 45.9 ± 10
(11)
51.3 ± 16.9
(10)
11 Sandstone: 46%
Shale: 54%
Tk 0.023 47.5 (2)a 54.9 (3)a 10.3 Sandstone: 39%
Shale: 61%
Scl 0.021 48.8 ± 10.5
(12)
37.1 ± 15.8
(8)
7.5 Sandstone: 75%
Siltstone: 12.5%
Shale: 12.5%
Pl 0.436 59.3 ± 8.3
(14)
88 ± 28.8
(14)
12.5 Sandstone: 59%
Shale: 41%
a The sample numbers is not sufﬁcient to obtain the standard deviation.
Fig. 10.Wedge strength versus depth. The wedge strength of the Taiwan mountain belt
and the Niger delta are shown in addition to borehole stress measurements and theWHB
of the Y-Y′ proﬁle (data primarily from Suppe (2007)).
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dependent. That is, thewedge strength is a function of thewedge thick-
ness (Eq. (30)). Thewedge strengths under differentwedge thicknesses
(1 km to 8 km)were evaluated and are illustrated in Fig. 10. TheWHBde-
creases from 1.97 to 0.70 when the wedge thickness H increases from
1 km to 8 km (blue line in Fig. 10). The WHB approaches the strength
of the Taiwan mountain belt that was inferred by Suppe (2007) at a
depth of 8 km. When the wedge thickness decreases, the wedge
strength tends to approach the wedge strength calculated based on
Byerlee's law. In conclusion, the determined wedge strength of theFig. 9. Five Mohr circles are drawn for the following combinations of maximum and
minimum horizontal effective stresses from the SAFOD pilot hole at depth of 1–2 km
(data collected from Fig. 4a of Hickman and Zoback (2004)). The failure envelop (solid
line) indicated the cohesion and friction angle as 2.3 MPa and 27.3°.
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able. The comparison between the proposed CHBWmodel and the tra-
ditional CMCW model will be illustrated in the next section. The
advantages and limitations of the proposed method for determining
the wedge strength will be discussed further.
5. Discussion
5.1. The wedge thickness dependency of CHBW and CMCW models
One of the advantages of the CHBWmodel is that the non-linearity
of the strength of the wedge is taken into consideration. Accordingly,
the wedge strength can be inﬂuenced by the wedge thickness. The tra-
ditional CMCWmodel, however, predicts a dependence of wedge thick-
ness on strength as well (Eq. (2)) if cohesion is not assumed to be zero.
To demonstrate the wedge thickness (stress) dependency of the two
models, Fig. 11 shows the wedge strengths under a hydrostatic condi-
tion as predicted by the HB and MC failure criteria. The equivalent C'
and φ' values required to estimate the wedge strength WMC wereTable 3
The comparison of the determinedwedge or crust strengths to the inferred strengths doc-
umented by Suppe (2007).
Wedge or
crust
strengths
California SAFOD pilot hole: at a depth of 1–2 km in granite
(Hickman and Zoback, 2004).
1.06 ~ 1.09
Central Taiwan: the depths of cross section 0–15 km (Carena et al.,
2002).
0.6
Deep-water thrust belt of the toe of the Niger delta: (Bilotti and
Shaw, 2005).
0.7
Western central Taiwan: the representative H is 5.3 km (This
study).
0.86
German KTB borehole: to a depth of 8 km (Brudy et al., 1997). 1.0 ± 0.2
Byerlee's law: for rock at normal stress b200 MPa, at a depth of
~13.3 km (Byerlee, 1978).
2.2
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Fig. 11. The wedge thickness dependency of the predicted wedge strength using CHBW
and CMCWmodels.
Fig. 12. (a) The calculated α+β of CHBW and CMCWmodels versus the H. (b) The three
solutions of Fig. 12(a) are illustrated by thewedge shape in a Cartesian coordinate system
(x,z) with β= 2.7°. The ratio of x to z is 5.
10 C.-M. Yang et al. / Tectonophysics xxx (2016) xxx–xxxobtained using the method introduced in Chapter 2. A wedge thickness
of 8 kmwas assumed to evaluate the σ3max' to determine the equivalent
strength parameters. The horizontal stress at the middle point of the
wedge (i.e., 4 km in depth) was used to represent the σ3max' because
the maximum principal stress is in horizontal direction. Wu and Dong
(2012) suggested that the averaged ratio of the horizontal stress and
the vertical stress around the TCDP Borehole was 1.14 based on the re-
sults of anelastic strain recovery tests, leak-off tests, borehole breakout,
deformation rate analysis, acoustic emission rate analysis, and the
acoustic emission method (Lin et al., 2007; Hung et al., 2009; Lin et al.,
2010; Yabe et al., 2008). Using Eq. (11) through Eq. (15), the C' and φ'
can be determined as 7.2 MPa and 25.2°, respectively, if ρ is assumed
to be 2500 kg/m3 (Dahlen et al., 1984) and λ is assumed to be 0.4.
Fig. 11 shows that the WHB and WMC decreased with increasing H.
However, the predicted wedge strength of the CHBW model (WHB)
showed a much higher wedge thickness dependency than the one pre-
dicted by the CMCWmodel (WMC). Moreover, as expected (Eq. (2)), the
wedge strength predicted using the CMCW model is a constant when
the cohesion is assumed to be zero (Fig. 11).
The inﬂuence of wedge thickness on the α+β for the proposed
CHBWmodel and for the traditional CMCWmodel was further investi-
gated. The strength parameters used for estimating the wedge strength
were identical to the ones used in Fig. 11. The additional required pa-
rameters for estimating α+β (Eq. (28) and Eq. (1)) are listed in
Table 4. Similar to the results shown in Fig. 11, the predicted wedgeTable 4
Geometric parameters and strength variables for the calculation of taper angles.
Variable Value Reference
β (°) 2.7 Refer to the study area of the present study in western central
Taiwan.
μb 0.17 Suppe (2007) suggested that the F= 0.07–0.11. If μb = 0.17,
Cb = 0, and λb = 0.4, then F= 0.1.
Cb (MPa) 0 Cb is assumed to be 0 MPa.
λb 0.4 Assume a hydrostatic condition.
λ 0.4
ρ (kg/m3) 2500 Drilling, logging, and core sample data indicate that the mean
density of the rocks of the studied wedge is about 2500 kg/m3
(Dahlen et al., 1984).
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signiﬁcant than the dependency predicted by the traditional CMCW
model; this is shown in Fig. 12(a). Obviously, this result is a reﬂection
of the non-linearity ofwedge strength assumed by adopting the HB fail-
ure criterion. Fig. 12(b) shows thewedge shape predicted by the CHBW
and CMCWmodels. If the cohesion of the wedge is zero, the predicted
critical taper angle will be a constant. The wedge shape predicted by
the CHBW model shows a relatively concave topographic relief (blue
solid line in Fig. 12(b)).
5.2. Sensitivity analysis of the strength parameters of HB and MC failure
criteria for wedge strength and critical taper angle
The inﬂuence of the strength parameters on the predicted wedge
strength of the CHBWandCMCWmodels (Eq. (30) and Eq. (2))was fur-
ther investigated. Fig. 13 shows the results of the sensitivity analysis.
The base case was GSI = 50, σci = 150 MPa, and mi = 11 for the
CHBW model, while the base case for the CMCW model was of C =
10 MPa and φ= 25°.
Fig. 13 (a), (b), and (c) demonstrates sensitivity of the wedge
strength predicted by the CHBWmodel (WHB) with respect to strength
parameters given wedge thicknesses of 1 km, 3 km, and 5 km, respec-
tively. The horizontal axis shows ±50% variation of the base case pa-
rameters (GSI = 25–75, σci = 75–225 MPa, and mi = 5.5–16.5).
Under the testing conditions, the parameter with the most inﬂuence
onWHB was GSI. Based on Fig. 13(a), the evaluated wedge strength de-
creases 40% and increases 65% when GSI decreased or increased by 50%,
respectively. The effect of on predicted wedge strength, however the
sensitivity of GSI decreased with the increasing H (Fig. 13(a) through
Fig. 13(c)). The effects of σci and mi are similar to the effect of GSI;
wedge strength decreased 30% and increased 20% given a 50% decreaseel and determination of accretionary wedge strength, Tectonophysics
Fig. 13. The sensitivity analysis of wedge strength with respect to the strength parameters. (a)–(c) Effect of parameters on the wedge strengthWHB for H equals 1 km, 3 km, and 5 km.
(d)–(f) Effect of the parameters on the wedge strengthWMC for H equals 1 km, 3 km, and 5 km.
11C.-M. Yang et al. / Tectonophysics xxx (2016) xxx–xxxor increase of σci andmi. Furthermore, the inﬂuence of wedge thickness
H on the sensitivity analysis of σci and mi is insigniﬁcant
(Fig. 13(a) through Fig. 13(c)).
Fig. 13 (d), (e), and (f) show the effect of C and φ on the predicted
values ofWMC given a variation of ±50% of the base case parameters.
Generally, the effect of φ on wedge strength was larger than the effect
of C onwedge strength. A 50% variation ofφ induced a 50–90% variation
ofWMC, butWMC only varied 15% or less when a 50% variation of Cwas
applied.
The effect of the input parameters of CHBW and CMCWmodels on
the critical taper angle α+β (Eq. (28) and Eq. (1) can be evaluated
based on the results of Fig. 14). The required parameters of Eq. (28)
and Eq. (1) are listed in Table 4. Fig. 14(a) shows that a 50% variation
of the base case GSI (from 25 to 75) results in the variation of α+β
from−33% to 42% when H = 1 km (long dashed lines in Fig. 14(a)).
The inﬂuence of GSI on α+β when H= 5 km is still substantial (from
−38% to 58% variation when a 50% GSI variation was applied
(Fig. 14(c)). Relatively, the effects of σci and mi on α+β are smallerPlease cite this article as: Yang, C.-M., et al., Non-linear critical taper mod
(2016), http://dx.doi.org/10.1016/j.tecto.2016.04.026(short dashed lines and solid lines in Fig. 14(a) through Fig. 14(c)). It
is reasonable for their insensitivity to the wedge strength
(Fig. 13(a) through Fig. 13(c)). These results imply that the determina-
tion of GSI is critical when a CHBWmodel is used. Notably, the effect of
GSIwas slightly reduced when the wedge thickness increased.
The effect ofφ on α+β increased slightly as thewedge thickness in-
creased (Fig. 14(d) through Fig. 14(f)). The importance of φ for
predicting α+β is greater than that of C under the test conditions.
The effect of C on α+β was negligible when H= 5 km (Fig. 14(f)) be-
cause the wedge strength is not inﬂuenced by the cohesion (Fig. 13(f)).
5.3. Prospects advantages of the proposed CHBWmodel
This study proposed a modiﬁed critical taper model that incorporat-
ed a non-linear HB failure criterion. The most important feature of the
proposed CHBWmodel is the wedge thickness (stress) dependency of
the wedge strengthWHB. Based on the proposed model, the predicted
wedge strength decreases with increasing wedge thickness.el and determination of accretionary wedge strength, Tectonophysics
Fig. 14. The sensitivity analysis of the critical taper angleα+βwith respect to strength parameters. (a), (b), and (c) Effect of parameters onα+β forH equals 1 km, 3 km, and 5 km. (d), (e),
and (f) Effect of the parameters on α+β for H equals 1 km, 3 km, and 5 km.
Fig. 15. The Y-Y′ proﬁle was divided into three parts by the Chelungpu thrust and the Shuangtung thrust (modiﬁed from Yue and Suppe, 2014). TheWHB and the representative strength
variables of the three parts are evaluated. The Hmeasured through the center point of each part is measured.
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13C.-M. Yang et al. / Tectonophysics xxx (2016) xxx–xxxAccordingly, the critical taper angle increases with increasing wedge
thickness, even when the wedge is composed of homogeneous mate-
rials and the strength on the detachment is uniform. That is, evaluation
of the determining factors of the concave shape of the wedge ground
surface (Flueh et al., 1998) cannot neglect the inﬂuence of stress depen-
dency. Indeed, an increased critical taper angle with increasing wedge
thickness is also predicted using the traditional CMCWmodel. However,
the trend is much less substantial in comparison to the predicted trend
based on the proposed CHBWmodel (Fig. 12).
In addition to the consideration of stress dependency, we proposed
an approach to “measure” thewedge strength. TheWHB in the proposed
CHBWmodel can be directly evaluated via ﬁeld investigations and lab-
oratory tests. Moreover, the heterogeneity of thewedge strength can be
evaluated without difﬁculty. Fig. 7 and Table 2 illustrate the spatial var-
iability of the strength parameters (GSI, σci, andmi) of the speciﬁc study
site. We attempted to demonstrate that the heterogeneity of the wedge
strength can be quantiﬁed. The Y-Y′ proﬁle was divided into three sub-
wedges. The boundaries of these sub-wedges were the Chelungpu
thrust and the Shuangtung thrust (Fig. 15). Based on theweighted aver-
age parameters listed in Fig. 15, the wedge strength WHB of the three
sub-wedges were 0.57, 0.63, and 0.96 from west to east. That is, the
evaluated wedge strength along the Y-Y′ proﬁle increased slightly
from west to east. It appeared that the strength non-linearity of
wedge strength could be compensated for bymechanical heterogeneity
based on the Taiwan case. Together with the quantiﬁed stress depen-
dency and the heterogeneity of wedge strength, the proposed model
could be used to better constrain the detachment strength and the
pore pressure heterogeneity based on the measured geometric charac-
teristics of the wedge.
Several limitations related to the use of non-linear HB failure criteri-
on for wedge strength estimation are discussed. First, the HB failure cri-
terion and the method to estimate the strength parameters were
established based on engineering experiences. More case studies to val-
idate the appropriateness of using the CHBW model to evaluate the
strength of fold-and-thrust belts and accretionarywedges should be un-
dertaken in the future. Second, the site investigation was performed on
outcrops while the samples for laboratory tests were from the ground
surface. The suitability of the obtained parameters such as GSI (different
depths could show different geologic structure) and σci (weathering ef-
fect) to estimate the wedge strength in depth needs further study. The
under-sampled shale also presents an issue of representativeness and
could result in overestimation of wedge strength. Additionally, the difﬁ-
culties associated with evaluating strength parameters of conglomer-
ates are also troublesome. Using the charts and tables for determining
the strength parameters of ﬂysch and molasse proposed by Hoek et al.
(2005) and Marinos and Hoek (2001) is an alternative. The simpliﬁca-
tion procedure for determining themi and GSI of interbedded layers of
clastic sedimentary rocks is efﬁcient, but the methodology is less quan-
tiﬁed compared with the method proposed by Sonmez and Ulusay
(1999). The comparison between these two methods for determining
thewedge strength is obviously required for further application on crit-
ical taper model.
6. Conclusions
The traditional CMCW model frequently assumes that a wedge is
mechanically uniform and utilizes cohesion and friction angle, which
are difﬁcult to measure, to evaluate wedge strength. This study pro-
posed a modiﬁed critical taper model that incorporated a non-linear
HB failure criterion to consider the wedge thickness dependency of
wedge strength WHB. As such, the WHB predicted by the proposed
CHBWmodel can be directly evaluated via ﬁeld investigations and lab-
oratory tests. The heterogeneity of thewedge strength can thus be eval-
uated without difﬁculties. The accretionary wedge in western central
Taiwan was used as an example to validate the proposed CHBW
model. The inﬂuence of the strength parameters on predicted wedgePlease cite this article as: Yang, C.-M., et al., Non-linear critical taper mod
(2016), http://dx.doi.org/10.1016/j.tecto.2016.04.026strength and critical taper angle were also evaluated. The main ﬁndings
of this study are summarized as follows:
(1) The wedge strength decreases with increasing wedge thickness
based on the proposed CHBW model. A concave wedge surface
could be related to this wedge thickness dependency. That is,
even if the wedge is composed of homogeneous materials and
the basal detachment strength and dip are uniform, the critical
taper angle will increase with the increasing H because the
wedge strength decreased accordingly.
(2) Based on extensive ﬁeldwork and laboratory testing, the GSIwas
between 45 and 65, and the σci was between 3 and 90 MPa for
the study area. The weighted mi was between 7.5–20.2, which
was primarily determined by the lithology. The determined
WHB of the studied Y-Y′ proﬁle was 0.86 when a representative
wedge thickness of 5.3 km was used. The determined WHB was
slightly higher than the WHB (0.6) suggested by Suppe (2007),
which was inferred from the critical taper angle indirectly.
(3) The heterogeneity of an accretionary wedge can be quantiﬁed
using the spatial variation of the strength variables in the HB fail-
ure criterion. The evaluated wedge strength WHB of the three
sub-wedgeswere 0.57, 0.63, and 0.96 fromwest to east. Together
with the stress dependency, the proposed model can be used to
better constrain the detachment strength and the pore pressure
heterogeneity based on the measured geometric characteristics
of the wedge.
(4) The GSI is themost dominant parameter in the HB failure criteri-
on for estimating the wedge strength and critical taper angle.
Relatively, the effects of σci and mi on the wedge strength and
critical taper angle are smaller. That is, accurately determining
the GSI is critical for application of the proposed model to the
study of accretionary wedges.Acknowledgments
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